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ObjecHve: To assess feasibility of a new technique for simultaneous measurement of digital artery and skin perfusion 
pressure at the same digit using the laser Doppler method and to measure the pressure gradient between the two vessel 
compartments in controls and patients with peripheral arterial occlusive disease. 
Design: A pressure cuff wrapped around the basis of the toe and connected to a Statham transducer is covered by a special 
plastic capsule. A hole at the distal end of the capsule permits positioning of a laser Doppler probe at the pulp. A second 
laser Doppler probe is placed on the skin beneath the pressure cuff. Reappearance ofpulsatile flux during cuff pressure 
release detected by the two laser Doppler probes indicated digital artery pressure and skin perfusion-pressure on the 
corresponding pressure curve. Results in patients with intermittent claudication were compared to results of a group of 
normal controls. 
Setting: University Hospital, Zarich, Switzerland. 
Materials: Eleven healthy volunteers and 14 patients with intermittent claudication due to peripheral arterial occlusive 
disease were studied. 
Chief outcome measures: Digital artery pressure (DAP), skin perfusion pressure (SPP) and pressure gradient between 
DAP and SPP. 
Main results: Significantly lower mean DAP (95.8 + 23.2 mmHg vs. 49.8 +_ 20.4 mmHg; p < 0.01) and mean SPP 
(81.4 + 18.8 mmHg vs. 38.4 +_ 21.7 mmHg; p < 0.01) were observed in the patients. Mean pressure gradients and ratios 
between DAP and SPP did not differ significantly between the two groups. There was a linear correlation between DAP 
and SPP (r = 0.82, p < 0.01). 
Conclusion: The laser Doppler method provides the possibility to measure digital artery and skin perfusion pressure 
simultaneously at the same digit in an easy and non-invasive way. Pressure gradients between DAP and SPP are similar 
in controls and patients with claudication. 
Key Words: Distal blood pressure; Non-invasive, Pressure gradient; Pressure ratio. 
Introduction 
Digital artery pressure (DAP) and skin perfusion 
pressure (SPP) measurements are of substantial value 
for assessing the severity of peripheral arterial occlu- 
sive disease (PAOD) and predicting healing of foot 
ulcerations, especially in patients with diabetes melli- 
tus. 1-11 For the measurement of DAP mainly strain- 
gauge plethysmography as been employed, 2'6'12-16 
whereas SPP has been determined by the isotope 
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35711 1618 c learance, '"  photoplethysmography" and the 
19-21 laser Doppler technique. DAP and SPP represent 
systolic pressures in different vascular beds, i.e. the 
digital arteries and the microvessels in the skin. 
To date, no method is able to measure the instan- 
taneous pressure gradient between the two vessel 
compartments. We have recently reported on the use 
of the laser Doppler technique for the measurement of 
DAP by means of a specially designed plastic cap- 
sule. 17 In the present paper we describe further 
development of the technique for simultaneous 
measurement of DAP and SPE First experience was 
gained in healthy volunteers and patients with inter- 
mittent claudication. 
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Controls, Patients and Methods 
Measurements were performed in 11 healthy controls 
(seven females, four males) with a mean age of 
41.5 + 16.1 years (range 24-79 years) and 14 patients 
(four females, 10 males) with a mean age of 65.8 + 11.7 
years (range 46-82 years) suffering from intermittent 
claudication due to PAOD of the lower legs. Diagnosis 
was established by history, clinical examination, pulse 
volume recordings, Doppler ankle pressure and 
arteriography. 
Ten patients were smokers, seven had a history of 
hypertension, five suffered from hyperlipoprotein- 
aemia and one patient had hyperuricaemia. In two 
patients aortobiiliac Y-grafts have been implanted 
previously. At the time of examination seven patients 
were on antihypertensive drugs. 
Two patients howed significant stenoses or occlu- 
sions at the aortoiliac, eight at the femoropopliteal nd 
one at the calf level. Three patients had multilevel 
disease. Patients with diabetes mellitus and oedema of 
the lower limbs were excluded. 
After the controls and patients had rested supine for 
at least 20 min, systolic arm blood pressure was taken 
according to the Riva-Rocci technique. Systolic ankle 
pressure measurements were performed using a con- 
tinuous wave Doppler (Spead 6, Spead Electronique, 
Craponne, France). Small plastic cuffs (Disposa-Cuf, 
Critikon, U.S.A.) were wrapped around the basis of 
the big toe and connected to a pressure transducer 
(Statham Spectra Med P23 XL, U.S.A.). Appropriate 
cuff width (2.8, 3.2 or 3.6 cm) was selected, being 
closest o 120% of the diameter of the big toe. A flat 
laser Doppler probe ("angle probe" PF 110, Perimed, 
Stockholm, Sweden) was placed beneath the plastic 
cuff on the dorsal aspect of the big toe. The cuff was 
covered by a specially designed plastic capsule with a 
hole at its distal end, permitting insertion of a 
standard laser Doppler probe (PF 108, Perimed) for 
measurement of skin flux at the tip of the big toe (Fig. 
1). Laser Doppler flux at the two sites was recorded by 
two helium-neon lasers (PeriFlux PF 3, Perimed). 
Laser Doppler flux at the toe tip and big toe dorsum 
and cuff pressure were simultaneously registered on 
a strip chart recorder (Brush 2600S recorder, 
Gould, Cleveland, Ohio, U.S.A.) with a paper speed of 
1 mm/s. 
After suprasystolic inflation cuff pressure was 
slowly decreased at a rate of 3-5 mmHg/s. Reappear- 
ance of pulsatile flux at the site of measurement 
beneath the cuff depended on the amount of counter- 
pressure on the underlying skin elicited by the 
pressure cuff which is assumed to correspond to 
systolic pressure in small skin vessels. ~2 By contrast, 
Fig. 1. Plastic apsule covering a small pressure cuff. The cuff is 
wrapped around the basis of the big toe. Through ahole at the distal 
end of the capsule a laser Doppler probe is positioned atthe pulp of 
the big toe. A second flat laser Doppler probe is located beneath e 
pressure cuff at the dorsal skin of the big toe. 
reappearance of pulsatile flux at the toe tip depended 
on the pressure acting on the digital arteries beneath 
the cuff serving the tip of the toe. Thus reappearance 
of flux corresponded to systolic DAP at the site of the 
cuff (Fig. 2). Individual values were calculated as the 
mean value of 3-5 single measurements. 
Skin temperature atthe big toe was 27.8 + 3.3°C in 
the controls and 29.8 + 3.3°C in the patients (NS). 
Room temperature varied between 21 and 24°C. 
Statistics 
All values are presented as mean and S.D. Pressure 
values measured at different sites were compared with 
the Wilcoxon signed-rank test. Differences of pressure 
values between the groups were analysed by means of 
the Mann-Whitney U-test. A p-value equal or less than 
0.05 was considered significant. Statistics were per- 
formed on a personal computer (Macintosh II CX, 
Apple Computer) using a statistic programme (Stat 
View II, Abacus Concepts). 
Results 
Figure 2 illustrates typical examples of simultaneous 
DAP and SPP measurements in a healthy control and 
a patient with intermittent claudication. Except in one 
patient with the lowest ankle pressure, all subjects 
presented pulsatile flux at both sites of measurement. 
In the patient without pulsatile flux the sudden 
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increase of flux during cuff deflation was taken as the 
indicator for pressure readings. The lowest values of 
DAP (8 mmHg) and SPP (10 mmHg) were found in 
this patient. 
In the controls, mean systolic arm blood pressure 
was 123.6 + 17.8 mmHg, mean ankle blood pressure 
134.5 _+ 13.9 mmHg and ankle/arm ratio 1.10 + 0.10. 
In the patients the corresponding values were 
147.1 + 13.1 mmHg (mean systolic arm blood pres- 
sure), 103.2 + 22.8 mmHg (mean ankle blood pres- 
sure) and 0.69 + 0.15 (ankle/arm ratio). 
Table 1 gives the mean systolic arm and ankle 
pressure values as well as the values for mean DAP 
and SPP in controls and patients. In Fig. 3 the 
distribution of the individual values is presented. 
Compared to controls, patients exhibited a signifi- 
cantly elevated mean systolic blood pressure at the 
arm (p < 0.01), whereas the pressure values at all levels 
of the lower limb were significantly reduced in the 
patients (p < 0.01). In both groups there was a sig- 
nificant drop between ankle pressure and DAP 
(p<0.01) and between DAP and SPP (p<0.05). 
Whereas DAP (r = 0.62, p < 0.01) and SPP (r = 0.61, 
p < 0.01) correlated loosely to the corresponding ankle 
pressure, a closer linear correlation between DAP and 
SPP (r = 0.82, p < 0.01) was observed (Fig. 4). 
Table 2 presents the pressure gradients and ratios in 
controls and patients. Mean systolic pressure gradient 
between ankle and digital arteries was higher in the 
patients. Comparing the pressure ratio between ankle 
pressure and DAP the difference between controls and 
patients was statistically significant (p < 0.01). Whereas 
DAP reached 71 + 16% of the corresponding ankle 
pressure in the controls, the value was only 49 + 22% 
in the patients. However, the mean pressure gradient 
between DAP and SPP was similar in both groups. 
The mean ratio of SPP to DAP was 0.87 + 0.18 in the 
controls and 0.80 + 0.36 in the patients (NS). 
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Fig. 2. Simultaneous recordings of la er Doppler flux at the tip of the big toe (LDF 1) and beneath the cuff (LDF2) as well as cuff pressure 
(mmHg) in a healthy control (left) and in a patient with intermittent daudication (right). During release of the cuff pressure pulsatile flux 
signals reappear at the two sites of measurement indicating the points in time for determination of digital artery (LDF 1) arid skin perfusion 
pressure (LDF 2) on the corresponding pressure curve. 
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Table 1. Blood pressures 
Healthy controls Patients 
(n = 11) (n = 14) 
Brachial (mmHg) 123.6 _+ 17.8 *- * * ~ 147.1 + 13.1 
t* t** 
Ankle (mmHg) 134.5 _+ 13.9 ~ * * ~ 103.2 + 22.8 
t** t** 
Digital (mmHg) 95.3 _+ 23.2 *- * * ~ 49.8 + 20.4 
t* t* 
Skin perfusion (mmHg) 81.4 + 18.8 *- * * ---* 38.4 + 21.7 
* p < 0.05. 
** p <0.01. 
Skin temperature  d id  not  correlate to the pressure  
grad ient  or the rat io between DAP and  SPP. 
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Fig. 4. Linear correlation between digital artery and skin perfusion 
pressure (r -- 0.82). (©) controls; (@) patients. 
Discussion 
Our  s tudy  demonst ra tes  that the laser Dopp ler  tech- 
n ique is su i ted for s imu l taneous  measurements  of 
DAP and SPP at the same digit.  Us ing  a specia l ly  
manufactured  plast ic capsule a first laser Dopp ler  
probe was  at tached at the t ip of the b ig  toe, whi le  a 
second probe was  p laced  beneath  the pressure cuff 
covered by  the capsule  (Fig. 1). With  this s imple 
technical  set -up s imul taneous  pressure  measurements  
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Fig. 3. Distribution of pressure values at the different levels of 
measurement. (O) controls; (0) patients. 
Table 2. Pressure gradients (Ap; mmHg; pressure ratios in 
parentheses) 
Healthy controls Patients 
(n = 11) (n = 14) 
Ankle/brachial 10.9 + 10.4 ** -44.3 + 23.4 
(1.10 + 0.10) ** (0.69 + 0.15) 
Digital artery/brachial -28.4 + 25.6 ** -97.4 _+ 21.2 
(0.78 +_ 0.17) ** (0.34 + 0.13) 
Digital artery/ankle -39.3 + 23.6 N.S. -53.4 _+ 25.3 
(0.71 -+ 0.16) ** (0.49 -+ 0.22) 
Skin perfusion/digital artery -13.9 _+ 19.8 
(0.87 _+ 0.18) 
N.S. -11.4 + 17.8 
N.S. (0.80 -+ 0.36) 
** p < 0.01. 
may be easi ly  per fo rmed wi th in  a few minutes,  even 
at very  short  digits.  Moreover,  it is the first t ime that 
DAP and  SPP were s imul taneous ly  measured  by  the 
same non- invas ive  technique.  
Pressure determinat ions  were  based  on the reap-  
pearance of pulsat i le  f lux s ignals dur ing  cuff def lat ion 
in al l  but  one subject. Us ing  photop le thysmography ,  
s t ra in-gauge p le thysmography ,  i sotope clearance or 
the laser Dopp ler  as f low sensors,  1'2'5'9'12'16'19-21 a 
sharp  increase of the f low curve,  reappearance  of 
pulsat i le  f low signals or  cessat ion of f low have been 
used  as indicators  for d istal  pressure  measurements .  
Determinat ions  of the onset of fast-r is ing f lux dur ing  
cuff release or the detect ion of f low cessat ion dur ing  
cuff inf lat ion seem less accurate indicators  than 
sudden reappearance  of pulsat i le  flux. Induct ion  or 
release of arter ial  and  venous  occlus ion at different 
pressure levels dur ing  cuff inf lat ion, or  def lat ion, may 
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lead to a stepwise decrease, or increase, of the flux 
curve, thus making it difficult to define precisely the 
point of pressure measurement. However, it must be 
emphasised that with loss of pulsatile blood flux in 
patients with severe ischaemia, determination of 
pressure values must rely on the sudden increase of 
flow during cuff deflation. In our study, all controls 
and 13 of 14 patients presented with pulsatile blood 
flux at their digits. In the remaining patient without 
pulsatile blood flux, and most severe intermittent 
claudication, pressure values were determined on the 
basis of curve rise during cuff release. In most severe 
ischaemia with only minimal blood flow to the digit it 
may even be difficult to distinguish a clear deflection 
of blood flux during cuff deflation. The instantaneous 
inflation of the cuff to a suprasystolic pressure level 
and the duration of arterial occlusion of about 5 s do 
not provoke a substantial postocclusive reactive 
hyperaemia, which could result in a reduction of the 
systolic blood pressures. 23
The mean DAP of 95.8 + 23.2 mmHg in controls and 
49.8 + 20.4 mmHg in patients with intermittent 
claudication found in our study corresponds well to 
the results obtained by photoplethysmography, ~6 
strain-gauge plethysmography,~235 isotope clearance 15 
and confirms our previous data using the laser 
Doppler techniqueJ  Whereas DAP values are quite 
constant, SPP values reported in the literature for 
healthy controls and patients with PAOD vary con- 
siderably depending on the technique used and the 
6 18-21 site of measurement.' Using isotope clearance, 
the normal range of SPP on the dorsal side of the foot 
was between 48 and 93 mmHg 24 (mean 69.0 + 12.0 
mmHg). Mean SPP of 81.4 _+ 18.8 mmHg of our 
normal controls was within this range, but somewhat 
higher than SPP of 55 + 6 mmHg (mean _+ S.E.M.) 
reported by Castronuovo et al. 19 who measured SPP at 
the dorsum of the big toe with the laser Doppler 
technique. In patients with PAOD mean SPP is 
6 18 21 decreased. ' - In our data the claudicants presented 
with a significantly lower mean SPP of 38.4 +_ 21.7 
(p < 0.01) as compared to controls. These values are 
considerably higher than the SPP of 16 _+ 4 mmHg 
(mean _+ S.E.M.) reported for patients with rest pain or 
ischaemic lesions obtained by the laser Doppler 
technique. 19 
In a study by Schubert and Fagrell, a variable 
influence of local pressure on laser Doppler flux at the 
sacrum and the gluteus regions were reported. 25 
Whether a similar variability may be found for SPP 
measurements based on the absence or presence of 
pulsatile signals at different skin region has not been 
studied. Since in our study all measurements were 
performed only at the big toe, variability of the 
pulsatile flux signal to local pressure is probably not of 
significant value. However, this may be different if 
SPP measurements at different skin regions are 
compared. 
SPP averaged 87% of corresponding DAP values in 
the controls and 80% of corresponding DAP values in 
the patients. DAP and SPP exhibited a close linear 
relationship (r = 0.82). A similar relation (r = 0.74) has 
been reported by Faris and Duncan who successively 
measured DAP and SPP by means of strain-gauge 
plethysmography and Xenon clearance in diabetics 
with foot ulcerations or gangrene. 5 
If we assume that SPP reflects systolic pressure in 
the skin microvessels7 a then the pressure gradient 
between DAP and SPP observed in our study is most 
probably due to the resistance to flow of the arterioles 
within the sample volume of the laser Doppler 
measuring SPP. Since arteriolar esistance plays a key 
role in pathophysiology of advanced PAOD determi- 
nation of the pressure gradient between DAP and SPP 
may be of specific interest for further studies dedi- 
cated to the pathophysiology of PAOD. Moreover, it is 
possible to measure pressure and flow simultaneously 
at almost identical skin sites by the laser Doppler 
technique. 
One may expect a decreased pressure gradient in 
patients with PAOD due to arteriolar vasodilatation, 
which is characteristic for areas distal to arterial 
obstructions. Although there was a tendency towards 
a lower mean pressure gradient in patients, the 
difference was not significant. Whether a further 
decrease of the pressure gradient between DAP and 
SPP is observed in patients with severe ischaemia has 
not been evaluated. 
Physiologically there is a drop of mean pressure 
from the ankle to toe arteries. In controls we found a 
systolic pressure gradient of 39.3 + 23.6 mmHg corre- 
sponding to 71 + 16% of the ankle pressure, a finding 
which is consistent with the literature. ~2 It is assumed 
that the pressure drop results from resistance to flow 
in smaller arteries and arterioles. In hypertensive 
patients the resistance is increased. 12 Since half of our 
patients were hypertensive, the higher pressure 
gradient (53.4 + 25.3 mmHg, 49 + 22% of the ankle 
pressure) between ankle and digital arteries observed 
in the patient group may be explained by enhanced 
arteriolar vasoconstriction. However, occlusions of 
small foot arteries due to PAOD may also contribute to 
the increased pressure gradient in patients. 
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